ABSTRACT: Unconjugated bilirubin (UCB) induces both apoptosis and necrosis in neurons. To investigate the role of caspases and excitotoxicity in UCB-induced cell death, we exposed NT2-N neurons to 5 M UCB (a concentration known to induce apoptosis) or 2 M staurosporine (positive apoptosis control) and investigated the effects of treatments with the specific caspase-3 inhibitor, zDEVD.FMK (20 and 100 M), or the general caspase inhibitor, zVAD.FMK (20 and 100 M), and/or the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801 (10 M) during a 24-or 48-h exposure. UCB increased caspase-3 activity 2.3-fold after 6 h. Despite this, treatment with zDEVD.FMK did not prevent cell death. zVAD.FMK (100 M only) reduced apoptotic morphologies induced by UCB after 48 h, however, this effect was not reflected in MTT assays. MK-801 attenuated UCB-induced cell death after 24 h, but not significantly after 48 h. Similar effects were seen in the MTT assay. Combined treatment with MK-801 and zVAD.FMK synergistically reduced apoptotic morphologies after 24 and 48 h. MTT assays showed comparable effects after 24 h but did not show significant differences after 48 h. We conclude that NMDA receptormediated pathways and caspase-mediated pathways are involved in UCB-induced cell death in human NT2-N neurons. Concomitant inhibition of both pathways results in synergistic protection. 
B
ilirubin-induced encephalopathy in the newborn remains an important clinical issue. However, the molecular mechanisms of neuronal death caused by UCB are incompletely understood. In vitro studies on neuronal cells from fetal and newborn rats have shown that both apoptosis-and necrosis-like neuronal deaths are implicated (1, 2) . Activation of proteolytic enzymes called caspases plays a key role in the execution of apoptosis. Activation of caspase-3, an important executioner caspase in a variety of cell lines, was recently reported after UCB exposure to fetal rat cortical neurons (3) . Furthermore, caspase inhibition has been shown to reduce both necrosis and apoptosis in UCB-induced cell death in fetal rat cortical neurons (1) . Excitotoxic mechanisms have also been implicated both in vivo (4, 5) and in vitro (1, 6) .
In the present study, we used a human teratocarcinomaderived cell line, NT2 cells. After treatment with retinoic acid and mitotic inhibitors, these cells develop into polarized, postmitotic, neuron-like cells, NT2-N neurons, which express NMDA and non-NMDA receptors (7) . We recently showed that low and moderate concentrations of UCB (Ͻ10 M) induced predominantly delayed apoptosis over 48 h (8) . In that study, two additional markers of apoptosis, degradation of DNA into internucleosomal fragments and proteolytic cleavage of the enzyme poly(ADP ribose)polymerase (PARP), suggested a role of activated caspase-3 in UCB induced cell death (8) . In the present study, we confirmed the activation of caspase-3 by UCB (5 M). Thereafter, we investigated the effects of treatment with caspase inhibitors and the NMDA receptor antagonist MK-801 on UCB-induced cell demise. Staurosporine (STS), a general protein kinase inhibitor that typically induces caspase-dependent cell death, was used as positive apoptosis control.
MATERIALS AND METHODS

Materials.
Dulbecco's medium modified by Eagle (DMEM), fetal bovine serum, PBS, and penicillin and streptomycin solution were purchased from Invitrogen (Carlsbad, CA). Polylysine and Matrigel were from Becton Dickinson (Bedford, MA). UCB, BSA, MTT (3-4[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide), retinoic acid, uridine, 5-fluoro-2'-deoxyuridine, and cytosine arabinofuranoside were from Sigma Chemical Co. (St. Louis, MO). BSA was dissolved in deionized water. MTT (0.5 mg/mL) was dissolved in PBS with 5.5 mM glucose. The fluorescent dyes Hoechst 33342 and ethidium homodimer (both Molecular Probes Inc., Eugene, OR) were diluted in DMSO. Staurosporine (Roche Molecular Biochemicals, Mannheim, Germany) was dissolved in DMSO to a 2 mM stock. The caspase inhibitors zDEVD.FMK and zVAD.FMK (R & D Systems Europe Ltd., Abingdon, UK) were stored as 20 mM stocks in DMSO and used within 2 mo. MK-801 (Sigma Chemical Co.) was dissolved in water as a 10 mM stock solution. All solutions were stored at -20°C. NTera2/c1.D1 (NT2) cells were cultured as previously described (9, 10) .
Exposure to bilirubin and inhibitors. Before each experiment, UCB was dissolved in 0.1 M NaOH and deionized water to a concentration of 5 mM UCB, and immediately added to a BSA solution to obtain a UCB/BSA molar ratio of 1.5. All handling of bilirubin was performed in dim light. Serum-free DMEM with penicillin (100 IU/mL) and streptomycin (100 g/mL) was added to each well after washing the cells twice in PBS 10 min before the experiments. Cells exposed to NaOH and BSA only served as controls in all experiments. One of the two caspase-inhibitors, zDEVD.FMK or zVAD.FMK (both 20 and 100 M), MK-801 (10 M), or the combination of a caspase inhibitor and MK-801 was added 2 min before incubation with UCB or 2 M STS. Wells in a 12-well plate were randomly selected for different treatments. To minimize UCB precipitation, the experiments were performed with slightly supra-physiologic pH. We have previously shown in our model that pH drops from 7.59 at the beginning of incubation to 7.52 after 24 h (8). The cultures were incubated for 3-48 h at 37°C in a mixture of 95% room air and 5% CO 2 .
Caspase-3 activity. After treatment with UCB or STS, the medium was aspirated, and the cultures were washed twice with PBS and then lysed with 500 L RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Igepal, 0.25% sodium deoxycholate, 150 mM NaCl, and 1 mM EGTA) for 5 min at room temperature. Two hundred microliters of cell lysate was transferred to a 96-well plate and incubated with 20 M caspase-3 fluorometric substrate, AcDEVD.CMC (Upstate Biotech, Lake Placid, NY). Caspase-3 inhibitor (5 M zDEVD. FMK) was added to some wells as negative controls. Samples were incubated at 37°C and fluorescence was measured after 60 min at excitation 360 nm and emission 460 nm, using a fluorometer (Perkin-Elmer HTS 7000 Plus, Bio Assay Reader, Norwalk, CT). Fluorescence activity was normalized to protein content (BCA Protein Assay Kit, Pierce Biotechnology, Inc., Rockford, IL).
MTT reduction. The MTT assay relies on the cleavage of the tetrazolium salt by viable cells, and it is a commonly used method for measuring cellular viability (11) . After treatment with UCB or STS the cultures were washed twice with PBS and 0.5 mL MTT solution was added. After 60 min incubation (37°C, 5% CO 2 ) the MTT solution was aspirated and replaced with 0.5 mL of DMSO to dissolve the formazan crystals produced by MTT reduction. Absorbance was read at 570 nm and background at 660 nm was subtracted in a Titertek multiscan Plus MK1-ELISA reader (Labsystems and Life Sciences International Ltd., Haver Hill, UK). Results are given in percentage of MTT reduction in controls.
Assessment of nuclear morphology with fluorescent dyes. The evaluation of nuclear morphology is a cornerstone in the assessment of cell death pathways. After incubation with UCB or STS, the neurons were washed twice with PBS and incubated with Hoechst (5 mg/mL) and EH (2 mM) for 15 min. Whereas Hoechst 33342 stains the nuclei of all living and dead cells, ethidium homodimer (EH) exclusively stains the nuclei of cells with disintegrated cell membranes, as seen in necrosis. A UV excitation filter (340 -380 nm) and a green excitation filter (515-560 nm) were used for each motif, as previously described (12) . The cells were visualized by an inverted fluorescent microscope (Model DM IRB, Leica Microscopy, Herburg, Switzerland) and photographed with a digital camera (Kodak, DC 120 ZOOM Digital Camera, Eastman Kodak Company, Rochester, NY) for later analysis. Neurons with intact membranes (exclusively stained with Hoechst) displaying uncondensed nuclear chromatine were considered undamaged. Apoptotic cells were identified either as shrunken nuclei with condensed chromatine and intact membranes, labeled as condensed, or as nuclei with distinct fragmentation (at least two distinct lobuli) labeled as fragmented. Condensed nuclei with uptake of EH, compatible with necrotic cell death, were labelled as condensed with disrupted membrane. We have previously demonstrated the principal patterns of changes in nuclear morphologies induced by STS and UCB in this cell line (8) . In general, cells of all categories remained adherent to the dish, and detached nuclei accounted for Ͻ2% of the total cell count. All cells were counted by the same investigator. A subset of neurons was counted by an independent investigator to an interobserver agreement of Ͼ95%. Prevalence of the different morphologic categories is given in percentage of the total number of cells counted for each experimental condition (at least 700 cells).
DNA fragmentation analysis. DNA electrophoresis was performed to determine the effects of treatments with caspase inhibitors and/or MK-801 on DNA degradation. To evaluate the impact of caspase inhibition on DNA fragmentation, analysis was performed with a kit, Wizard SV genomic DNA purification system (Promega Corporation, Madison, WI). After 24 h of incubation, the cells were washed twice with PBS, lysed, and genomic DNA was isolated. The extracted DNA (from two wells) was fractionated in a 1.5% agarose gel electrophoresis with ethidium bromide staining. The gel was then examined under UV light for visualization and photographed.
Statistics. Cells from at least six wells from at least three separate experiments were examined for all experimental conditions. Data are given as mean Ϯ SD. Statistical significance was calculated using a t test. Welch's correction was applied if variances between two groups differed significantly. Bonferroni corrections were not applied. We tested for the effects of i) treatment with both concentrations of both caspase inhibitors and MK-801 as single treatments versus no treatment, ii) high-dose versus low-dose caspase inhibitor, and iii) additive protection of a caspase inhibitor combined with MK-801 compared with treatment with MK-801 alone. A two-tailed p Ͻ 0.05 was considered statistically significant.
RESULTS
UCB induces moderate caspase-3 activation. Control cells, treated as previously described, showed a small increase in caspase-3 activity at 3 h, returning toward basal conditions at 24 h (Fig. 1) . "Basal conditions" was defined as the level of caspase activation in cells exposed neither to medium change nor serum deprivation (cells left undisturbed in serum containing medium). Neurons exposed to 5 M UCB displayed an increase in activated caspase-3 to 230% of controls after 6 h (p Ͻ 0.05), but returned toward basal levels at 24 h. STS induced a large increase in caspase-3 activity, reaching 780% of controls at 6 h and returning toward basal levels at 24 h (Fig. 1 ). Concomitant treatment with MK-801 did not influence caspase-3 activity (at any time point) in neurons treated with STS or 5 M UCB (38 Ϯ 18 units/g protein after UCB treatment only versus 35 Ϯ 13 units/g protein after UCB and MK-801 at 6 h).
General caspase inhibitor, zVAD.FMK, reduces apoptotic nuclear fragmentation. Treatment with caspase inhibitors or MK-801 alone did not cause toxicity compared with controls when evaluated with MTT reduction assays and nuclear morphology (n ϭ 5-6, data not shown). Exposure to UCB re- (Fig. 2 A) . Neither treatment with the specific caspase-3 inhibitor zDEVD.FMK nor the general caspase inhibitor zVAD.FMK enhanced viability as assayed with MTT. In contrast, both caspase inhibitors dose dependently enhanced MTT reduction for up to 48 h in cells exposed to STS (Fig. 2B) .
Cell death in neurons exposed to 5 M UCB occurred primarily as apoptotic nuclear fragmentation or condensation compatible with apoptosis, and to a lesser extent as condensed nuclei with disrupted membrane compatible with necrosis (Fig. 3, A-D) . The two different caspase inhibitors had little impact on neuronal survival (undamaged nuclei), except for a small increase in the proportion of undamaged nuclei at 48 h in cells treated with 100 M zVAD.FMK, suggesting an impact of general caspase inhibition on delayed apoptosis (Fig. 3A) . Despite the limited effect on undamaged nuclei, treatment with zVAD.FMK and high-dose zDEVD.FMK efficiently reduced nuclear fragmentation for up to 48 h (Fig.  3B ). Both caspase inhibitors given at the higher concentration increased the proportion of late nuclear condensation (Fig.  3C) , suggesting a shift in morphology from fragmentation to condensation.
In contrast to neurons treated with UCB, both caspase inhibitors dose dependently and highly significantly increased the proportion of undamaged nuclei for up to 48 h in STSinduced cell injury (Fig. 4 A) . Apparently, this effect was primarily due to efficient reduction in the progress to nuclear fragmentation (Fig. 4B) , as caspase inhibition only caused minor changes in the proportion of condensed nuclei (data not shown).
Combined treatment with MK-801 and zVAD.FMK synergistically protects against cell death. MK-801 significantly reduced UCB-induced neuronal death as measured with MTT assays after 24 h, but not after 48 h (Fig. 5A) . The combination of MK-801 and zVAD.FMK (100 M), but not zDEVD.FMK (20 M) induced synergistic protection at 24 h, as measured with MTT assays (Fig. 5A) . Evaluation with nuclear morphology confirmed synergistic protection in that combined treatment resulted in near-complete protection after 24 h (Fig. 6A) and was still significant after 48 h. STS-treated neurons revealed similar results evaluated with MTT assays (Fig. 5B ) and nuclear morphology (data not shown).
In cells exposed to UCB, treatment with MK-801 alone did not influence the number of cells displaying fragmented nuclei (Fig. 6B ) but almost abolished nuclear condensation (Fig. 6C) . In combination with zVAD.FMK, the proportion of fragmented nuclei was greatly reduced, suggesting impact on separate steps in the cell death pathway by zVAD.FMK and MK-801 (Fig. 6B) . STS-exposed neurons showed similar patterns for nuclear morphologic changes as in seen in UCBinduced injury in that MK-801 given alone prevented nuclear condensation for up to 48 h (data not shown).
General caspase inhibition, but not caspase-3 inhibition, prevents internucleosomal DNA degradation after UCB exposure. DNA fragmentation in apoptosis is a two-step process in which DNA is first cleaved into large fragments of 50 -300 kb (13) . The second step often involves activated caspase-3. DNA is cleaved into 50-kb fragments and subsequently into internucleosomal fragments Ͻ2 kb, appearing as the so-called DNA ladder in the DNA electrophoresis (13, 14) . Incubation with both STS and UCB induced internucleosomal DNA fragmentation suggestive of a role of activated caspase-3 (Fig.  7) . Treatment with zDEVD.FMK (20 M) did not reduce UCB-induced DNA fragmentation, whereas STS-induced † Concentration-dependent differences of the respective caspase inhibitor (p Ͻ 0.05). Data are given as mean Ϯ SD (n ϭ 6 -9).
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DNA fragmentation was nearly abolished. In contrast, treatment with zVAD.FMK (100 M) completely abolished DNA laddering in neurons exposed to UCB or STS, both given alone and as co-treatment with MK-801 (10 M). MK-801 alone had no impact on DNA fragmentation.
DISCUSSION
The principal finding of the present study was that UCBinduced apoptosis was not prevented by caspase-3 inhibition, and only to a limited degree by a general caspase inhibitor. Marked protective effects of general caspase inhibition was only observed when it was combined with MK-801 to prevent NMDA receptor-mediated effects. Nuclear morphology and DNA electrophoresis suggest that this synergism was due to inhibition of separate steps in the cell death pathways by caspase inhibition and MK-801.
The execution of caspase-mediated apoptosis is thought to be the result of a cascade of events converging in the activation of the executioner caspases -3, -6, or -7, where caspase-3 has been identified as a major downstream execution caspase (15) . In the present study, treatment with the apoptosisinducer STS evoked a large activation of caspase-3. Dosedependent neuronal protection was achieved with both caspase-3 inhibition and general caspase inhibition as measured with MTT assays and nuclear morphology. However, in spite of significant caspase-3 activation by UCB, treatment with zDEVD.FMK had no impact on neuronal survival. Treatment with zVAD.FMK slightly increased the number of undamaged nuclei at 48 h but had no impact on neuronal metabolism as measured with MTT assay. As suggested by several authors, a possible explanation for this discrepancy between morphology and MTT assay is that, although caspase inhibitors block the execution of apoptosis leading to morphologic changes, they do not prevent more "toxic" events such as diminished MTT reduction (16, 17) .
Both caspase inhibitors inhibited nuclear fragmentation and DNA degradation Ͻ2 kb (DNA laddering) in STS-treated neurons. In UCB-treated neurons, zDEVD.FMK did not prevent DNA laddering. In contrast, zVAD.FMK completely inhibited DNA laddering and was more potent in inhibiting nuclear fragmentation than zDEVD.FMK. zVAD.FMK protected against UCB-induced cell death by reducing the proportion of cells displaying fragmented nuclei. Although some cells instead showed nuclear condensation, an increased proportion of cells remained undamaged at 48 h. Our data suggest the participation of executioner caspases like caspase-6 or -7 in UCB-mediated cell death in this cell line. Activated caspase-3 may contribute to nuclear fragmentation but seems to have little impact on the cell death.
It is well documented that glutamate-mediated excitotoxicity over the ionotropic NMDA receptor may cause both apoptosis and necrosis (18, 19) . NMDA injections into the brain caused greater damage in hyperbilirubinemic Gunn rats than in nonjaundiced controls, and concurrent treatment with MK-801 reduced this injury (5) . Conflicting data exist as to whether this increased neuronal damage is due to enhanced sensitivity of the NMDA receptor to glutamate in the presence of bilirubin (4, 20) . In the present study, MK-801 protected against UCB-induced cell death by reducing the proportion of cells displaying condensed nuclei, but had no impact on the 
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number of cells showing nuclear fragmentation. Also, MK-801 did not influence UCB-or STS-induced caspase-3 activation or DNA degradation. Combined treatment with MK-801 and zVAD.FMK synergistically reduced apoptosis after UCB treatment. The present study strongly suggested that this synergism was due to the inhibition of different steps in the cell death pathways as previously reported in studies of neuronal hypoxia both in vivo and in vitro (21, 22) .
MK-801 has both pro-apoptotic and neuroprotective actions (23) . Several studies in cortical cell cultures from rodents report that the administration of MK-801 alone induces apoptosis by activating caspase-3 (24, 25) . On the other hand, blockade of cellular injury induced by glutamate or NMDA by MK-801 may reduce apoptosis (18, 19) , compatible with the results of the present study. As previously reported, treatment with MK-801 protected against STS-induced injury in this cell line (12) . This protection may be due to blockade of glutamate released from damaged cells exposed to STS. Similarly, we cannot exclude the possibility that the protection by MK-801 in UCB-induced injury is related to a reduction in additional stress mediated by glutamate in the culture medium rather than UCB-specific modulation of the NMDA receptor (4) . A confirmation of specific UCB-induced excitotoxicity over the NMDA receptor still requires further investigation. The conduct of our experiments at slightly alkaline pH (7.52-7.59) may have contributed to exacerbation of excitotoxic injury, as alkalosis increases the susceptibility of the NMDA receptor to glutamate (26, 27) .
In cultured cells from embryonic rat forebrain, treatments with a specific caspase-1 inhibitor or a specific caspase-3 inhibitor as well as MK-801 (10 M) completely protected against UCB-induced apoptosis and necrosis after a 96 h exposure to 0.5 M UCB (without albumin vehicle) (1). The authors conclude that UCB-induced caspase activation is mediated by the NMDA glutamate receptor subtype, while our results indicate that excitotoxicity is independent of caspase activation. A similar study by the same group showed that MK-801 protected against injury induced by the combination of 0.5 M UCB and hypoxia (6) . Both duration of exposure and the use of lower UCB concentrations may account for the differences to the present study. Our data do not exclude the possibility that cell death after long-term exposure to very low UCB concentrations may be reduced by caspase inhibitors. In addition, species differences may have contributed to the different impact of treatments in the present and the two mentioned studies.
A limitation of the present study is that caspase inhibitors with the recognition sequence zDEVD.FMK are potent inhibitors of caspase-3 and -7, but they also inhibit the caspases-6, -8, and -10 at high concentrations (28) . The lower zDEVD.FMK concentration (20 M) only marginally differed from 100 M zDEVD.FMK in reducing STS-induced cell death at 24 h and was therefore chosen in combination with MK-801 to limit the problem of specificity.
In conclusion, our data suggest that both NMDA-mediated pathways and caspase-mediated pathways, where activated caspase-3 seems to play a minor role in the determination of cell death, are involved in UCB-mediated cell demise. The strategy of combining agents to inhibit both pathways was more successful than individual treatments in reducing cell death.
